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Abstract
The gravitational-wave detectors LIGO and Virgo together with their electromagnetic partner facilities
have transformed the modus operandi in which we seek information about the Universe. The first ever-
observed neutron-star merger—GW170817—confirmed the association of short gamma-ray bursts with
neutron-star mergers and the production of heavy (r-process) elements. Based on recent theoretical and
observational developments, I briefly present and discuss a conjecture, namely that compact accretion disks
in both short and long gamma-ray bursts synthesize most of the heavy r-process elements in the Universe.
The upcoming era of multi-messenger astronomy may allow us to verify or falsify this conjecture.
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1. Introduction
It is a somewhat surprising fact that roughly 150 years
after the periodic table of the elements has been estab-
lished the cosmic origin of a large fraction of the elements
listed in there still remains an open question. These
rapid neutron capture (r-process) elements encompass
nuclei of mass numbers A & 69, just beyond the iron-
peak elements, down to the lanthanides and actinides at
the bottom of the periodic table—roughly half of all el-
ements heavier than iron. They are created by capture
of free neutrons onto seed particles (such as iron nuclei)
under conditions in which the typical neutron-capture
timescale is much shorter than the beta-decay timescale
of the resulting nucleus.
The seminal papers by Burbidge et al. (1957),
Cameron (1957a), and Cameron (1957b) speculated that
the very high neutron fluxes needed to trigger rapid neu-
tron capture would require extreme astrophysical condi-
tions. What was long thought to provide such neutron-
rich environments—regular core-collapse supernovae—is
now disfavored as a production site of r-process elements.
Theoretical results show that the high neutrino irradi-
ation from the proto-neutron star formed as a result
of the collapse resets the composition of outflows and
leads to conditions unfavorable for the r-process (Qian
&Woosley 1996; Thompson et al. 2001; Mart´ınez-Pinedo
et al. 2012; Roberts et al. 2012). Observationally, core-
collapse supernovae are disfavored based on rates and
yields to synthesize r-process isotopes such as 244Pu in
the solar neighborhood (Wallner et al. 2015; Hotokezaka
et al. 2015).
In this short proceedings contribution, I shall briefly
state and discuss the following conjecture which points
to both short and long gamma-ray bursts (GRBs) as
the origin of r-process elements:
Conjecture: Outflows from compact (neutrino-cooled)
accretion disks synthesize most of the heavy r-process
elements in the Universe.
Here, we shall focus on ‘heavy’ r-process elements—
elements beyond the second r-process peak (A & 130),
i.e., lanthanides and actinides. Those can be reliably
traced in stellar spectra through europium (almost ex-
clusively produced by the r-process), which is impor-
tant when connecting astrophysical production sites with
abundance observations in our galaxy through chemical
evolution models. Light r-process elements might be co-
produced by other sites, such as MHD supernovae (Win-
teler et al. 2012; Mo¨sta et al. 2018; Halevi & Mo¨sta 2018).
This conjecture is based on recent theoretical and ob-
servational developments: it draws from studies of nu-
cleosynthesis in outflows from compact accretion disks
in neutron star (NS) mergers (e.g., Siegel & Metzger
2017; Siegel & Metzger 2018; Ferna´ndez et al. 2019;
Christie et al. 2019; Miller et al. 2019b) as well as in
collapsars (Siegel et al. 2019; Miller et al. 2019a). Ob-
servationally, it draws from the first detection of a neu-
tron star merger—GW170817—by Advanced LIGO and
Virgo (Abbott et al. 2017b), its associated short GRB
(Abbott et al. 2017a) and the kilonova (Abbott et al.
2017c), the thermal counterpart that provided strong ev-
idence for the synthesis of r-process nuclei in the merger
ejecta (e.g., Metzger 2019, Siegel 2019 for overviews).
Additionally, the conjecture is based on simple chemi-
cal evolution models that connect astrophysical produc-
tion sites with spectroscopic abundance observations of
r-process elements in our galaxy (Siegel et al. 2019; Siegel
2019).
In view of the above conjecture, Sec. 2. briefly summa-
rizes r-process nucleosynthesis in short GRBs (NS merg-
ers); Sec. 3. provides the corresponding overview for long
GRBs (collapsars). Aspects of chemical evolution are
outlined in Sec. 4. and Sec. 5. provides further points of
discussion. Conclusions are presented in Sec. 6.
2. R-process in short GRBs
Over the last twenty years, numerical simulations of the
merger and post-merger phase in NS–NS and NS–black-
hole binaries have established several mechanisms by
which neutron-rich material is ejected from these sys-
tems. These include dynamical ejecta of a tidal and
shock-heated nature (Ruffert et al. 1997; Rosswog et al.
1999; Oechslin et al. 2007; Hotokezaka et al. 2013),
neutrino-driven and magnetically driven winds from a
(meta-) stable remnant (Dessart et al. 2009; Siegel et al.
2014; Ciolfi et al. 2017), and outflows from a post-merger
accretion disk (Ferna´ndez & Metzger 2013; Just et al.
2015; Siegel & Metzger 2017), the details and relative im-
portance of which depend on binary parameters and the
unknown equation of state of nuclear matter at supranu-
clear densities.
Somewhat surprisingly, what had traditionally been
believed to constitute the dominant mass ejection
mechanism—dynamical ejecta from the merger itself—
was disfavored by the observed properties of the
GW170817 kilonova. While the inferred ejecta param-
eters (ejecta velocity, mass, and lanthanide mass frac-
tion) for the early blue emission of vej ≈ 0.2 − 0.3 c,
Mej ≈ 1 − 2 × 10
−2M⊙, and XLan . 10
−4 are only
marginally inconsistent with shock-heated ejecta for
equations of state with very small neutron star radius,
the red emission peaking on a timescale of a week re-
quires vej ≈ 0.07 − 0.14 c, Mej ≈ 4 − 6 × 10
−2M⊙,
and XLan = 0.01 − 0.1 (Nicholl et al. 2017; Cowperth-
waite et al. 2017; Chornock et al. 2017; Villar et al.
2017; Kasen et al. 2017; Kasliwal et al. 2017; McCully
et al. 2017; Smartt et al. 2017; Troja et al. 2017; Pian
et al. 2017; Arcavi et al. 2017; Perego et al. 2017; Cough-
lin et al. 2018),1 which is in strong tension with theoret-
ical predictions for dynamical ejecta (see Fig. 1 in Siegel
2019). These kilonova parameters come with significant
systematic uncertainties, which, however, unlikely affect
this conclusion (Siegel 2019). I also refer the reader
*1 See Smartt et al. (2017), Tanaka et al. (2017), Waxman et al.
(2018), Kawaguchi et al. (2018) for different approaches.
to Metzger (2017), Siegel (2019), Metzger (2019), and
Radice et al. (2020) for reviews on the interpretation of
the GW170817 kilonova event and further details.
The combination of high ejecta mass, low ejecta ve-
locity, and lanthanide-bearing outflow of the red kilo-
nova emission in GW170817 is consistent with out-
flows from a massive post-merger accretion disk.2 Re-
cent simulations in general-relativistic magnetohydro-
dynamics (GRMHD) with weak interactions find that
roughly 30–40% of the initial disk mass are ejected in
unbound outflows (Siegel & Metzger 2017; Siegel & Met-
zger 2018; Ferna´ndez et al. 2019; Christie et al. 2019).
The slow outflow speeds of . 0.1c are the result of slow
MHD winds which are further accelerated by the nu-
clear binding energy release of roughly 8MeV per baryon
(corresponding to ∼ 0.1c) as the flow decompresses and
free nucleons recombine into seed particles for the r-
process (Siegel & Metzger 2018). The neutron-rich con-
ditions with mean electron/proton fraction Ye < 0.25
required for lanthanide production are provided by the
inner part of the accretion disk, which feeds sufficiently
neutron-rich material into the outflows to keep the over-
all mean electron fraction favorable for lanthanide pro-
duction. This is thanks to the high densities in the in-
ner accretion disk, which forces electrons to become de-
generate and thus favors electron over positron capture
(e− + p → n + νe vs. e
+ + n → p + ν¯e); mild elec-
tron degeneracy is maintained thanks to a self-regulation
mechanism (Chen & Beloborodov 2007; Siegel &Metzger
2017; Siegel & Metzger 2018).
Massive post-merger accretion disks whose outflows
dominate other r-process ejecta sources are expected to
be ubiquitous. Provided that NS–NS mergers follow the
galactic double neutron star mass distribution and given
current constraints on the equation of state, Margalit &
Metzger (2019) estimate that ∼70− 100% of all NS–NS
mergers would avoid prompt collapse into a black hole.
Excluding prompt collapse, recent simulations employ-
ing different equations of state find typical disk masses
of ∼ 0.1M⊙ (Radice et al. 2018), which translate into
outflows consistent with GW170817 (see Siegel 2019 for
details). The fraction of light vs. heavy r-process ele-
ments produced in disk outflows depends on the mass of
the disk (Miller et al. 2019b) as well as on the lifetime of
a NS remnant (Lippuner et al. 2017). Taking GW170817
as a typical merger (its total mass is representative of a
typical galactic double neutron star system), most merg-
ers may be dominated by sufficiently short remnant life-
times, in which case NS–NS mergers are dominated by
lanthanide-bearing disk ejecta.
The contribution of r-process ejecta from NS–BH sys-
tems may be subdominant with respect to NS–NS merg-
*2 These properties had been predicted shortly before the
GW170817 event occurred (Siegel & Metzger 2017).
ers given expected yields and current constraints on their
rates (NS–NS merges: 110-3840 Gpc−3yr−1; NS–BH
mergers: < 610 Gpc−3yr−1; at 90% confidence; Abbott
et al. 2019). In particular, a potentially large fraction
of NS–BH systems—those with mass ratios significantly
different from unity—may not give rise to ejecta at all,
unless the black hole is rapidly spinning (Foucart 2012).
It is worth pointing out, however, that near-equal-mass
mergers lead to negligible dynamical ejecta and are dom-
inated by outflows from massive accretion disks (Foucart
et al. 2019; Kyutoku et al. 2020), whose outflows are ex-
pected to be dominantly lanthanide-bearing. Systems
with high mass ratios and high black hole spin can give
rise to comparable amounts of dynamical and disk ejecta
(e.g., Kawaguchi et al. 2016; Foucart et al. 2017).
3. R-process in long GRBs
Theoretical (MacFadyen & Woosley 1999) as well as ob-
servational evidence connects long GRBs with the hyper-
energetic explosions of massive stars stripped of their
hydrogen envelopes (Woosley & Bloom 2006). Numer-
ous analytical and numerical studies have investigated
the dynamics of the collapse to a black hole surrounded
by an accretion disk and accretion shock, as well as
the production of a successful relativistic GRB jet and
supernova explosion (MacFadyen et al. 2001; Fujimoto
et al. 2006; Uzdensky & MacFadyen 2007; Morsony et al.
2007; Bucciantini et al. 2008; Lazzati et al. 2008; Ku-
mar et al. 2008; Nagakura et al. 2011; Lindner et al.
2012; Lo´pez-Ca´mara et al. 2013; Batta & Lee 2014).
Recent 3D GRMHD simulations of collapsar accretion
disks including weak interactions and approximate neu-
trino transport find that collapsar accretion disks can
give rise to r-process outflows, with an estimated mass
of ∼ few × 10−2M⊙ to . 1M⊙ depending on the stel-
lar progenitor model (Siegel et al. 2019). Stellar ma-
terial collapsing onto the accretion disk with roughly
equal numbers of protons and neutrons (Ye ≈ 0.5) once
in the inner disk is forced into neutron-rich conditions
(Ye ≪ 0.5) favorable for the r-process by an analogous
mechanism as previously discovered in NS mergers (elec-
tron degeneracy coupled to a self-regulation mechanism).
While at very early stages during the collapsar accretion
process, strong neutrino self-irradiation of the disk may
prevent the synthesis of lanthanide-bearing winds (Miller
et al. 2019a), most of the r-process outflow is typically
expected to be produced at intermediate accretion rates
∼ 10−3M⊙ s
−1 to < 10−1M⊙ s
−1 (Siegel et al. 2019),
which give rise to lanthanide-bearing material.
The contribution of galactic r-process material from
collapsars relative to NS mergers can be estimated purely
empirically by using the isotropic-equivalent energies
(tracking the accreted mass) and rates of short versus
long GRBs. This suggests that collapsars dominate
the NS merger contribution by at least a factor of a
few (Siegel et al. 2019), owing to their larger isotropic-
equivalent energies (larger accreted masses) which over-
compensate for their lower rate of occurrence. This es-
timate is consistent with independent arguments based
on chemical evolution models that take into account
both NS mergers and collapsars (Sec. 4.). Assuming
that collapsars follow the star formation history and
are responsible for most of the galactic r-process ma-
terial, an empirical absolute estimate of the collapsar
per event yield can be obtained, which amounts to
∼ few × 10−2 − few × 10−1M⊙ for standard assump-
tions (Siegel et al. 2019). Calibration to the ejecta mass
of GW170817 (assumed typical), this absolute estimate
is consistent with the previous relative estimate. Finally,
the typical per-event yield estimated theoretically based
on simulations and progenitor models (see above) is con-
sistent with the absolute empirical estimate. There are,
admittedly, large uncertainties—nevertheless, it is en-
couraging that all independent estimates agree within
predicted ranges; future studies will be able to shrink
these uncertainties and test whether consistency prevails.
4. Chemical evolution
Assuming GW170817 and its ejecta mass is typical of
mergers, such systems could in principle account for most
or all of the galactic r-process content. Notwithstanding
the fact that such arguments assume a ‘closed box’ and
do not account for galactic outflows, there are a number
of problems that afflict NS mergers as the dominant con-
tributor to the galactic r-process when analyzing the syn-
thesis of r-process elements over galactic history. I refer
the reader to Siegel (2019) and references cited therein
for an overview and more details on some of the issues.
These include: prompt enrichment at low metallicities
in halo stars, enrichment of ultra-faint dwarf galaxies
(Reticulum II, Tucana III) as well as globular clusters
(M15), and the assembly of r-process and alpha-elements
in the galactic disk. Essentially, these issues result from
the fact that NS binaries typically have significant sys-
temic kick velocities (imparted by supernova explosions)
and occur with significant delays with respect to star
formation (due to the inspiral time).
In contrast to NS mergers, collapsars trace star for-
mation history without significant delay (∼few Myr due
to their lifetime) and occur directly in the star-forming
region that gave birth to the massive progenitor star.
Prompt enrichment without spatial dislocation is favor-
able for r-process enrichment of halo stars (van de Voort
et al. 2019)3, as well as for enrichment in ultra-faint
dwarfs and globular clusters (Bonetti et al. 2019; Zevin
*3 but see also Macias & Ramirez-Ruiz (2018) for constraints in
closed ‘single-supernovae’ environments regarding the issue of
iron co-production
et al. 2019). Furthermore, prompt enrichment by a
dominant contribution of collapsars also reproduces the
late-time trends of r-process elements relative to iron
and alpha-elements in Galactic disk stars. Calibrating
to these high-metallicity abundance observations, sim-
ple chemical evolution models taking into account both
NS mergers and collapsars find that a dominant contri-
bution of r-process elements from collapsars (& 80%) is
required to reproduce the observed trends (Siegel et al.
2019; Siegel 2019), which is consistent with other inde-
pendent estimates (see Sec. 3.).
5. Discussion
It is worth pointing out some caveats and other points of
discussion regarding the conjecture formulated in Sec. 1.
1. If the NS–NS binary population does not follow the
galactic double neutron star distribution, and in-
stead is not dominated by near equal-mass systems,
tidal ejecta can become a significant contributor to
lanthanide-bearing ejecta besides disk winds (e.g.,
Kiuchi et al. 2019).
2. A high-mass NS–NS binary population beyond the
galactic distribution, which the recent GW190425
event—if indeed a NS–NS merger—may suggest
(The LIGO Scientific Collaboration et al. 2020),
could give rise to significant lanthanide-bearing tidal
ejecta if such systems are dominated by strongly
unequal mass systems (Dietrich et al. 2015). How-
ever, if such a population is dominated by near
equal mass systems, their contribution to r-process
material would be minute, given that they would
mostly undergo prompt collapse and thus leave lit-
tle tidal and disk ejecta. Rates of GW170817-like
events would currently not be affected by an addi-
tional population (The LIGO Scientific Collabora-
tion et al. 2020).
3. Realistic nucleosynthesis simulations of post-merger
and collapsar accretion disks are still in its infancy.
Sensitivity to weak interactions and a more detailed
neutrino transport, more realistic initial conditions,
and a larger part of the parameter space need to be
explored to complement existing results. Addition-
ally, more detailed chemical evolution studies are
required to connect to abundance observations in
various environments.
4. The contribution of other sources to r-process ele-
ments, such as MHD supernovae, need to be further
investigated. Stable jets in MHD supernovae that
lead to lanthanide production likely require unre-
alistically high progenitor magnetic field strengths
with the current treatment of neutrino interactions
(Mo¨sta et al. 2018). Given current rates, if MHD
supernovae did produce significant amounts of lan-
thanides, their contribution would likely be minor,
even if collapsars are neglected (Siegel 2019).
5. Direct observational evidence for r-process nucle-
osynthesis only exists for NS mergers to date. R-
process ejecta in collapsars is expected to lead to a
near-infrared excess and features in the supernovae
lightcurve and spectra at late times, once the sur-
rounding supernova ejecta becomes transparent to
emission from its r-process ‘core’ (a ‘kilonova in a
supernova’; Siegel et al. 2019). This might be ob-
servable for nearby long GRB events (z . 0.1).
6. Conclusion
In this proceedings contribution, I have briefly stated and
discussed the conjecture that outflows from compact ac-
cretion disks in short and long GRBs synthesize most of
the comic heavy r-process content. One exciting aspect
of this conjecture is that it is at least to some extend
observationally testable.
Future multi-messenger observations of NS mergers
will sample the NS binary population and provide more
accurate estimates of rates and r-process yields as well
as probe ejection mechanisms. Multi-messenger obser-
vations of NS–BH mergers will reveal their contribution
to r-process nucleosynthesis and lead to a better un-
derstanding of the diversity of abundance distributions
mergers can give rise to. This can be used to address
open questions regarding diversity of observed abun-
dance patterns for light r-process elements in halo stars
and dwarf galaxies, as well as to address fundamental
questions about nuclear properties and the universality
of the strong r-process (Siegel 2019). Observations with
future sensitive optical and near-infrared telescopes,
such as the Large Synoptic Survey Telescope and the
James Webb Space Telescope, may identify signatures
of heavy r-process nuclei in GRB supernovae. Together
with improved theoretical modeling, the upcoming
era of multi-messenger astronomy may tell us whether
accretion disks are indeed the preferred way nature
provides the universe with r-process elements. This has
important implications for astrophysics, nuclear physics,
as well as chemical evolution and galaxy formation.
DMS acknowledges the support of the Natural Sci-
ences and Engineering Research Council of Canada
(NSERC). Research at Perimeter Institute is supported
in part by the Government of Canada through the De-
partment of Innovation, Science and Economic Develop-
ment Canada and by the Province of Ontario through
the Ministry of Colleges and Universities.
References
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017a,
ApJL, 848, L13
—. 2017b, PRL, 119, 161101
—. 2017c, ApJL, 848, L12
—. 2019, PRX, 9, 031040
Arcavi, I., Hosseinzadeh, G., Howell, D. A., et al. 2017,
Nature, 551, 64
Batta, A., & Lee, W. H. 2014, MNRAS, 437, 2412
Bonetti, M., Perego, A., Dotti, M., & Cescutti, G. 2019,
MNRAS, 490, 296
Bucciantini, N., Quataert, E., Arons, J., Metzger, B. D.,
& Thompson, T. A. 2008, MNRAS, 383, L25
Burbidge, E. M., Burbidge, G. R., Fowler, W. A., &
Hoyle, F. 1957, Rev. Mod. Phys., 29, 547
Cameron, A. G. W. 1957a, Publ. Astron. Soc. Pac., 69,
201
—. 1957b, AJ, 62, 9
Chen, W.-X., & Beloborodov, A. M. 2007, ApJ, 657, 383
Chornock, R., Berger, E., Kasen, D., et al. 2017, ApJL,
848, L19
Christie, I. M., Lalakos, A., Tchekhovskoy, A., et al.
2019, MNRAS, 490, 4811
Ciolfi, R., Kastaun, W., Giacomazzo, B., et al. 2017,
PRD, 95, 063016
Coughlin, M. W., Dietrich, T., Doctor, Z., et al. 2018,
MNRAS, 480, 3871
Cowperthwaite, P. S., Berger, E., Villar, V. A., et al.
2017, ApJL, 848, L17
Dessart, L., Ott, C. D., Burrows, A., Rosswog, S., &
Livne, E. 2009, ApJ, 690, 1681
Dietrich, T., Moldenhauer, N., Johnson-McDaniel,
N. K., et al. 2015, PRD, 92, 124007
Ferna´ndez, R., & Metzger, B. D. 2013, MNRAS, 435,
502
Ferna´ndez, R., Tchekhovskoy, A., Quataert, E., Foucart,
F., & Kasen, D. 2019, MNRAS, 482, 3373
Foucart, F. 2012, PRD, 86, 124007
Foucart, F., Duez, M. D., Kidder, L. E., et al. 2019,
PRD, 99, 103025
Foucart, F., Desai, D., Brege, W., et al. 2017, CQG, 34,
044002
Fujimoto, S.-i., Kotake, K., Yamada, S., Hashimoto, M.-
a., & Sato, K. 2006, ApJ, 644, 1040
Halevi, G., & Mo¨sta, P. 2018, MNRAS, 477, 2366
Hotokezaka, K., Kyutoku, K., Tanaka, M., et al. 2013,
ApJL, 778, L16
Hotokezaka, K., Piran, T., & Paul, M. 2015, Nature
Phys., 11, 1042
Just, O., Bauswein, A., Pulpillo, R. A., Goriely, S., &
Janka, H.-T. 2015, MNRAS, 448, 541
Kasen, D., Metzger, B., Barnes, J., Quataert, E., &
Ramirez-Ruiz, E. 2017, Nature, 551, 80
Kasliwal, M. M., Nakar, E., Singer, L. P., et al. 2017,
Science, 358, 1559
Kawaguchi, K., Kyutoku, K., Shibata, M., & Tanaka,
M. 2016, ApJ, 825, 52
Kawaguchi, K., Shibata, M., & Tanaka, M. 2018, ApJL,
865, L21
Kiuchi, K., Kyutoku, K., Shibata, M., & Taniguchi, K.
2019, ApJL, 876, L31
Kumar, P., Narayan, R., & Johnson, J. L. 2008,
MNRAS, 388, 1729
Kyutoku, K., Fujibayashi, S., Hayashi, K., et al. 2020,
ArXiv e-prints, arXiv:2001.04474
Lazzati, D., Perna, R., & Begelman, M. C. 2008,
MNRAS, 388, L15
Lindner, C. C., Milosavljevic´, M., Shen, R., & Kumar,
P. 2012, ApJ, 750, 163
Lippuner, J., Ferna´ndez, R., Roberts, L. F., et al. 2017,
MNRAS, 472, 904
Lo´pez-Ca´mara, D., Morsony, B. J., Begelman, M. C., &
Lazzati, D. 2013, ApJ, 767, 19
MacFadyen, A. I., & Woosley, S. E. 1999, ApJ, 524, 262
MacFadyen, A. I., Woosley, S. E., & Heger, A. 2001,
ApJ, 550, 410
Macias, P., & Ramirez-Ruiz, E. 2018, ApJ, 860, 89
Margalit, B., & Metzger, B. D. 2019, ApJL, 880, L15
Mart´ınez-Pinedo, G., Fischer, T., Lohs, A., & Huther,
L. 2012, PRL, 109, 251104
McCully, C., Hiramatsu, D., Howell, D. A., et al. 2017,
ApJL, 848, L32
Metzger, B. D. 2017, arXiv e-prints, arXiv:1710.05931
—. 2019, Living Reviews in Relativity, 23, 1
Miller, J. M., Sprouse, T. M., Fryer, C. L., et al. 2019a,
arXiv e-prints, arXiv:1912.03378
Miller, J. M., Ryan, B. R., Dolence, J. C., et al. 2019b,
PRD, 100, 023008
Morsony, B. J., Lazzati, D., & Begelman, M. C. 2007,
ApJ, 665, 569
Mo¨sta, P., Roberts, L. F., Halevi, G., et al. 2018, ApJ,
864, 171
Nagakura, H., Ito, H., Kiuchi, K., & Yamada, S. 2011,
ApJ, 731, 80
Nicholl, M., Berger, E., Kasen, D., et al. 2017, ApJL,
848, L18
Oechslin, R., Janka, H.-T., & Marek, A. 2007, A&A,
467, 395
Perego, A., Radice, D., & Bernuzzi, S. 2017, ApJL, 850,
L37
Pian, E., D’Avanzo, P., Benetti, S., et al. 2017, Nature,
551, 67
Qian, Y.-Z., & Woosley, S. E. 1996, ApJ, 471, 331
Radice, D., Bernuzzi, S., & Perego, A. 2020, arXiv e-
prints, arXiv:2002.03863
Radice, D., Perego, A., Hotokezaka, K., et al. 2018, ApJ,
869, 130
Roberts, L. F., Reddy, S., & Shen, G. 2012, PRC, 86,
065803
Rosswog, S., Liebendo¨rfer, M., Thielemann, F.-K., et al.
1999, A&A, 341, 499
Ruffert, M., Janka, H.-T., Takahashi, K., & Schaefer, G.
1997, A&A, 319, 122
Siegel, D. M. 2019, Eur. Phys. J. A, 55, 203
Siegel, D. M., Barnes, J., & Metzger, B. D. 2019, Nature,
569, 241
Siegel, D. M., Ciolfi, R., & Rezzolla, L. 2014, ApJL, 785,
L6
Siegel, D. M., & Metzger, B. D. 2017, PRL, 119, 231102
—. 2018, ApJ, 858, 52
Smartt, S. J., Chen, T.-W., Jerkstrand, A., et al. 2017,
Nature, 551, 75
Tanaka, M., Utsumi, Y., Mazzali, P. A., et al. 2017, Pub.
Astron. Soc. Japan, 69, 102
The LIGO Scientific Collaboration, the Virgo
Collaboration, Abbott, B. P., et al. 2020, arXiv
e-prints, arXiv:2001.01761
Thompson, T. A., Burrows, A., & Meyer, B. S. 2001,
ApJ, 562, 887
Troja, E., Piro, L., van Eerten, H., et al. 2017, Nature,
551, 71
Uzdensky, D. A., & MacFadyen, A. I. 2007, ApJ, 669,
546
van de Voort, F., Pakmor, R., Grand, R. J. J., et al.
2019, ArXiv e-prints, arXiv:1907.01557
Villar, V. A., Guillochon, J., Berger, E., et al. 2017,
ApJL, 851, L21
Wallner, A., Faestermann, T., Feige, J., et al. 2015,
Nature Commun., 6, 5956
Waxman, E., Ofek, E. O., Kushnir, D., & Gal-Yam, A.
2018, MNRAS, 481, 3423
Winteler, C., Ka¨ppeli, R., Perego, A., et al. 2012, ApJL,
750, L22
Woosley, S. E., & Bloom, J. S. 2006, ARAA, 44, 507
Zevin, M., Kremer, K., Siegel, D. M., et al. 2019, ApJ,
886, 4
